Abstract. The mammalian oocyte undergoes an asymmetric division during meiotic maturation, producing a small polar body and a haploid gamete. This process involves the dynamics of actin filaments, and the guanosine triphosphatase (GTPase) protein superfamily is a major regulator of actin assembly. In the present study, the small GTPase CDC42 was shown to participate in the meiotic maturation of porcine oocytes. Immunofluorescent staining showed that CDC42 was mainly localized at the periphery of the oocytes, and accumulated with microtubules. Deactivation of CDC42 protein activity with the effective inhibitor ML141 caused a decrease in actin distribution in the cortex, which resulted in a failure of polar body extrusion. Moreover, western blot analysis revealed that besides the Cdc42-N-WASP pathway previously reported in mouse oocytes, the expression of ROCK and p-cofilin, two molecules involved in actin dynamics, was also decreased after CDC42 inhibition during porcine oocyte maturation. Thus, our study demonstrates that CDC42 is an indispensable protein during porcine oocyte meiosis, and CDC42 may interact with N-WASP, ROCK, and cofilin in the assembly of actin filaments during porcine oocyte maturation. Key words: Actin, CDC42, Meiosis, Oocyte, ROCK (J. Reprod. Dev. 63: [505][506][507][508][509][510] 2017) T he maturation of mammalian oocytes is distinguished from somatic cell division; in the porcine oocyte, the first meiotic division generates a small polar body (PB1) and a large metaphase II (MII)-arrested oocyte. Only after fertilization will the oocyte begin its second meiotic division. Both of these processes are strongly asymmetric and are driven by the eccentric positioning of the spindle. During meiosis, after germinal vesicle break down (GVBD), a bipolar spindle forms in the cytoplasm of the oocyte and then anchors near the cortical region [1, 2] . Meanwhile, the microvilli and microfilaments differentiate, which results in a microfilament-accumulated region (actin cap) and a cortical granule-free domain (CGFD) [3, 4] . When migration is completed, the chromosomes segregate, and the polar body is extruded. The segregation of homologous chromosomes in meiosis I relies on the pulling forces of microtubules [5] . Together with meiosis II, these asymmetric divisions ensure the formation of haploid gametes and sufficient cytoplasm to provide for early embryonic development [6] .
T
he maturation of mammalian oocytes is distinguished from somatic cell division; in the porcine oocyte, the first meiotic division generates a small polar body (PB1) and a large metaphase II (MII)-arrested oocyte. Only after fertilization will the oocyte begin its second meiotic division. Both of these processes are strongly asymmetric and are driven by the eccentric positioning of the spindle. During meiosis, after germinal vesicle break down (GVBD), a bipolar spindle forms in the cytoplasm of the oocyte and then anchors near the cortical region [1, 2] . Meanwhile, the microvilli and microfilaments differentiate, which results in a microfilament-accumulated region (actin cap) and a cortical granule-free domain (CGFD) [3, 4] . When migration is completed, the chromosomes segregate, and the polar body is extruded. The segregation of homologous chromosomes in meiosis I relies on the pulling forces of microtubules [5] . Together with meiosis II, these asymmetric divisions ensure the formation of haploid gametes and sufficient cytoplasm to provide for early embryonic development [6] .
The small guanosine triphosphatase (GTPase) superfamily of proteins, which are generally 20-25 kDa in size and can be mainly divided into the Ras, Rab, Arf, Rho, and Ran subfamilies, oscillate between GTP-bound (active) and GDP-bound (inactive) states [7] .
Guanine-nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) control this process [8, 9] . At least 20 Rho GTPases have been identified in humans, among which, RhoA, Rac1, and CDC42 are the most well studied [10] . In addition to controlling enzymatic activities and gene expression, Rho GTPases are also involved in actin and microtubule dynamics, which control numerous actin-based cellular processes, such as cell migration and polarity, endocytosis, and vesicle trafficking [11] [12] [13] .
Actin microfilaments are known to be involved in spindle migration and anchoring during oocyte maturation. When spindle migration initiates, the network of actin filaments becomes denser at the periphery of the oocyte to form an actin cap [2, 14, 15] . Cell division cycle 42 (CDC42) belongs to the Rho subfamily, and it plays an indispensable role in cell motility, proliferation, apoptosis, and especially microfilament-dependent cell polarity [16] . CDC42 is known to interact with PAR proteins in the establishment of polarity in neuronal cells and embryos [17, 18] . A recent study found that CDC42 deletion causes a failure of actin localization and organization, which leads to a loss of endothelial polarity [19] . In addition to its cooperation with actin, CDC42 also regulates the polarity of hair cell planar through microtubules in the developing cochlea [20] . The role of CDC42 in the plasma membrane in different species has been examined. In Xenopus oocytes, CDC42 downregulates the ARP2/3 complex to inhibit membrane protrusion [21] , and in mouse oocytes and embryos, CDC42 is involved in cytokinesis as the upstream mediator of IQGAP1 [22] . In meiosis II of mouse oocytes, inhibition of CDC42 resulted in the release of N-WASP into the cytosol and a failure of second polar body extrusion [23] . It is well known that CDC42 mediates spindle positioning during in vitro maturation; however, a recent in vivo study showed that failure of polar body emission is caused by disruption of polarity and cytokinesis rather than spindle migration/organization [24] .
Although the roles of CDC42 have been examined in other systems, even mouse oocytes, how it functions in porcine oocyte maturation is unknown. The present study of CDC42 in porcine oocytes will enrich our understanding of the roles of CDC42 among different species. In addition, the porcine oocyte is more similar to the human oocyte than the mouse oocyte in many respects. The relative volume of the human oocyte is close to that of a porcine egg (120-125 μm in diameter), both of which are larger than the mean size of the mouse oocyte (~80 μm in diameter) [25, 26] . Moreover, the average time for oocyte maturation in pigs and humans is also similar; it takes 40-44 h for a porcine oocyte and 40 h for a human oocyte to mature, which this is more than 3-times longer than the average maturation time for mouse oocytes [25, 27] . In addition to these physiological similarities, recent studies showed that the core transcriptional network required to maintain pluripotency and self-renewal in the pig is markedly similar to that in humans, but differs from that of the mouse [28] . Accordingly, the developmental stage of embryonic genome activation in humans is also more similar to pigs than mice [29, 30] . Pig oocytes and embryos have a large quantity of endogenous lipids, which may account for oocyte developmental competence and ATP content during meiotic maturation [31] . Furthermore, the size of a porcine oocyte is much larger, whereas the spindle in the mouse oocyte is much smaller, which means that a longer distance is required for actin-mediated spindle migration during meiosis in porcine oocytes. These characteristics make the porcine oocyte a good model for livestock animals and humans compared with the mouse.
Here, we explored the expression, localization, and function of CDC42 during meiotic maturation of porcine oocytes. Our results showed that CDC42 may interact with N-WASP, ROCK, and cofilin during actin-based polar body emission.
Materials and Methods

Antibodies and chemicals
Primary antibodies: a rabbit polyclonal anti-CDC42 antibody and rabbit monoclonal anti-N-WASP antibody were purchased from Abcam (Cambridge, UK); a rabbit polyclonal anti-ROCK antibody was purchased from Santa Cruz (Santa Cruz, CA, USA); a rabbit monoclonal anti-p-cofilin antibody and a rabbit polyclonal anti-α-tubulin antibody were purchased from Cell Signaling Technology (Danvers, MA, USA). Secondary antibodies: goat anti-rabbit IgG/ FITC and goat anti-rabbit IgG/TRITC were purchased from Zhongshan Golden Bridge Biotechnology (Beijing, China); HRP-conjugated Pierce goat anti-rabbit IgG was purchased from Cell Signaling Technology. Chemicals: all chemicals used in this study were obtained from Sigma Chemical Company (St. Louis, MO, USA), unless otherwise specified, and ML141, a potent, selective inhibitor of CDC42, was purchased from Santa Cruz.
Oocyte harvest and in vitro maturation
All animal manipulations were conducted in accordance with the guidelines of the Animal Research Committee of Nanjing Agricultural University, China. This study was approved by the Committee of Animal Research Institute, Nanjing Agricultural University, China. Ovaries were collected from prepubertal gilts at a local slaughterhouse, placed in 0.9% physiological saline in a thermos bottle and transported to our laboratory within 2 h. Isolation and selection of cumulus-oocyte complexes (COCs) was as described previously. The medium used for maturation culture was improved TCM-199 supplemented with 75 μg/ml penicillin, 50 μg/ml streptomycin, 0.5 μg/ml FSH, 0.5 μg/ml LH, 10 ng/ml epidermal growth factor (EGF), and 0.57 mM cysteine. Oocytes were cultured in 500 μl of maturation medium covered with a thin layer of mineral oil at 38.5°C for 27 or 44 h in a humidified atmosphere of 5% CO 2 in a four-well culture dish (Nunc, Roskilde, Denmark). We used an inverted microscope (200×) to check the polar body, and we rotated the oocytes to ensure proper judgment.
ML141 treatment
ML141 was dissolved in DMSO to 50 mM for storage, and then ML141 was diluted in maturation medium to final concentrations of 20 and 40 μM, with less than 1% DMSO in the medium. The oocytes were treated with ML141 from the beginning of cultivation, at the GV stage. We cultured the oocytes for 27 and 44 h to obtain MI and MII stage oocytes, respectively.
Oocyte nocodazole treatment
For nocodazole treatment, a 10 mg/ml nocodazole stock (in DMSO) was diluted with TCM-199 to a working concentration of 20 μg/ml. After 10 min of incubation, the oocytes were used for immunofluorescence microscopy.
Immunofluorescence staining
After culture for 27 or 44 h, cumulus cells were removed by repeated pipetting. Denuded oocytes were first fixed with 4% paraformaldehyde for 30 min and then permeabilized with 1% Triton X-100 at room temperature for at least 8 h. After blocking with 1% BSA-supplemented phosphate-buffered saline (PBS) for 1 h, oocytes were incubated with a rabbit polyclonal anti-CDC42 antibody (1:200) at 4°C overnight. After three washes in washing buffer (0.1% Tween 20 and 0.01% Triton X-100 in PBS), oocytes were stained with a FITC-anti-rabbit IgG or TRITC-anti-rabbit IgG (1:100) for 1 h at room temperature. For α-tubulin-FITC and Phalloidin-TRITC staining, after incubation for 1 h, oocytes were washed three times (2 min per wash) in PBS containing 0.1% Tween 20 and 0.01% Triton X-100. Samples were then co-stained with Hoechst 33342 (10 μg/ml in PBS) for 10 min. Oocytes were mounted on slides and examined with a confocal laser-scanning microscope (Zeiss LSM 700 META, Germany). Each experiment was repeated at least 3 times, and at least 10 oocytes were examined.
Western blot analysis
To detect the levels of ROCK, p-cofilin, and N-WASP, 120 denuded porcine oocytes were collected after culturing for 27 h, lysed in Laemmli sample buffer (SDS sample buffer containing 2-mercaptoethanol), boiled at 100°C for 10 min, and immediately frozen at −20°C until use. Total proteins were loaded on a 12% SDS-PAGE gel (Invitrogen, NY, USA) for 1 h at 200 V and 4°C, and then transferred to a polyvinylidene fluoride (PVDF) membrane (Invitrogen) for 1 h at 30 V and 4°C. Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h, and then incubated with anti-CDC42, p-cofilin, and N-WASP antibodies overnight at 4°C. After washing three times in TBST (10 min each), the membranes were incubated at room temperature for 1 h with HRP-conjugated Pierce goat anti-rabbit IgG (1:1000). Finally, the membranes were processed with high-sig ECL western blotting substrate (Tannon, China). Equal protein loading was confirmed by detection of α-tubulin.
Statistical analysis
For each treatment, at least three replicates were tested, and the results are reported as mean ± SEM. Statistical comparisons were made by independent-sample t-tests using SPSS 12.0 statistical software. Results were considered significant at P < 0.05.
Results
Expression and localization of CDC42 in porcine oocytes during maturation
We first examined the expression and localization of CDC42 during maturation of porcine oocytes by immunofluorescence. As shown in Fig. 1A , CDC42 was localized to the cortex of porcine oocytes during meiosis. At the germinal vesicle (GV) stage, the CDC42 signal was detected around the GVs. As the oocytes developed and the spindle formed in the MI and MII stages, CDC42 was accumulated with the spindle. Double staining of CDC42 and microtubules showed that CDC42 was co-localized with microtubules during the AI-TI stage (Fig. 1B) . After treatment with nocodazole (a drug that inhibits the dynamics of microtubules), the specific localization of CDC42 disappeared (Fig. 1C) . CDC42 and actin double staining showed that CDC42 was co-localized with actin (Fig. 1D ).
ML141 treatment results in a failure of polar body extrusion
Next, we studied the functions of CDC42 during porcine oocyte maturation by treating oocytes with a non-competitive inhibitor of CDC42 (ML141) that inhibits GTP binding and inactivates its functions [32] . After treatment with ML141 for 27 h, the specific localization pattern of CDC42 in the vicinity of the spindle and at the periphery of the oocytes disappeared, which confirmed the inhibitory effects of ML141 on CDC42 activity (Fig. 2A) . Then, we cultured porcine oocytes with ML141 for 44 h to inhibit the formation of active GTP-CDC42. As expected, most control oocytes had extruded small polar bodies and were arrested at the MII stage. ML141 treatment suppressed porcine polar body extrusion, and most treated oocytes had no polar body (Fig. 2B) . Moreover, the rate of polar body extrusion was significantly decreased. The statistical analysis showed that only 57.67 ± 7.41% (n = 172) of oocytes in the 20 μM treatment group and 44.78 ± 4.98% (n = 171) in the 40 μM treatment group extruded polar bodies, which was significantly lower than that in the control group (83.46 ± 2.51%, n = 161, P < 0.05; Fig. 2B ).
ML141 treatment inhibits actin assembly
Based on the known roles of CDC42 on actin filaments in mitotic systems, fluorescence staining was employed to examine the actin dynamics during oocyte maturation. We added ML141 to the culture medium at the GV stage, and after treatment for 27 h, we collected the porcine oocytes (at MI stage) for analysis. To assess actin expression after treatment, the fluorescent intensity was measured with Image J software. Control and treated oocytes were mounted on the same slide to standardize the fluorescence measurement. As shown in Fig.  3A , the actin signals at the membrane of most control oocytes were much stronger than those in treated oocytes. Fluorescence intensity analysis confirmed these results (control 1.0, n = 30 versus treated 0.26 ± 0.08, n = 32; P < 0.05; Fig. 3B ).
Disruption of CDC42 activity causes decreased ROCK, p-cofilin, and N-WASP expression
To further investigate the mechanism of CDC42 in porcine oocyte maturation, we examined the expression levels of ROCK, p-cofilin, and N-WASP after ML141 treatment for 27 h. Relative intensity analysis of the western blotting results in Fig. 4A demonstrated that, after ML141 treatment, the expression levels of N-WASP decreased (control, 1.0; treated, 0.590 ± 0.282; P < 0.05). The relative intensity analysis also showed that the expression level of ROCK was significantly reduced [control, 1.0; treated, 0.582 ± 0.101; P < 0.05; Fig. 4B (a) ]. The phosphorylation level of cofilin in treated oocytes (0.477 ± 0.169) was also lower than that in control oocytes [1.0; P < 0.05; Fig. 4B (b) ].
Discussion
In this study, we demonstrated that the small GTPase CDC42 regulates actin dynamics during maturation of porcine oocytes. Our results showed that CDC42 downregulates ROCK, cofilin, and N-WASP to promote the process of polar body extrusion.
To explore the mechanism of CDC42 action during porcine oocyte meiotic maturation, we first examined the localization of CDC42. The results showed that CDC42 mainly accumulated at the periphery of the oocytes throughout the maturation process, and this localization pattern was similar to that of actin, which was confirmed by double staining of actin and CDC42. A similar localization CDC42 pattern was detected in mouse oocytes [23] . A previous study showed that when the activation of CDC42 was inhibited with CDC42T17N, a dominant-negative encoding cRNA, the F-actin-rich protrusions were absent [23] . Actin is known to be involved in cytokinesis. Thus, we inferred CDC42 might be involved in porcine oocyte maturation via an actin-based pathway.
To confirm this hypothesis, we cultured oocytes with ML141 for 42 h to monitor polar body extrusion. ML141 is a newly discovered, potent, selective, reversible non-competitive inhibitor of CDC42 that inhibits GTP binding and inactivates its functions [32] . ML141 was used to identify the dispensable role of CDC42 in the invasion of intestinal epithelial cells [33] , and to prove that transforming growth factor β (TGFβ) is a critical regulator of superficial zone protein production through cytoskeleton regulation [34] . Treatment with the ML141 inhibitor reduced the rate of polar body extrusion in a dose-dependent manner. As the concentration of ML141 increased, the rate of mature oocytes decreased. This result prompted us to determine the cause of polar body extrusion failure. The driving force of cytokinesis in cells is mainly provided by actin [35] , and protrusion of the polar body is regulated by actin dynamics in Xenopus [21] and mouse oocytes [36] . A previous study showed that inhibition of CDC42 led to a loss of the actin cap and a failure of second polar body extrusion in mice [23] . CDC42 was co-localized with actin at the cortex, as described above. We hypothesized that the failure of polar body extrusion was due to the eccentricity of actin dynamics. As expected, the actin fluorescence intensity at the membrane in the ML141-treated group was significantly lower than that in the control group. This indicates that the dynamics of actin filaments is affected when GTP-CDC42 activity is inhibited. Thus, the aberrant assembly of actin filaments may be responsible for the failure of polar body extrusion. The result is in accordance with the findings for RhoA, another small GTPase of the Rho family; its inhibition causes oocyte immaturity and non-development of embryos in pig and mouse [37, 38] .
Rho GTPase is known to be involved in mouse oocyte maturation. As a Rho GTPase effector, ROCK has been reported to cooperate with CDC42 and CDC42/MRCK in microglial cell function [39] and myosin phosphorylation, respectively [40] . Recently, ROCK has been shown to be involved in actin-mediated cytokinesis during mouse oocyte meiosis [41] . Furthermore, cofilin, a downstream small molecule of ROCK, is also related to actin filaments [42] . A study in retinal neurons showed that crosstalk between CDC42 and RhoA occurs upstream of ROCK and reduces the phosphorylation of ADF/cofilin [43] . In neurons, Toxin B treatment decreased the phosphorylation level of cofilin [14] . The tight connection of CDC42, ROCK, cofilin, and actin led us to explore their possible relationships. Thus, western blotting was employed, which showed that inhibition of CDC42 expression caused a significant decrease in ROCK. The phosphorylation of cofilin was also affected. This indicates that CDC42 affects the actin cytoskeleton by interacting with ROCK and cofilin. In addition, recent studies showed that CDC42 downregulates N-WASP protein [23] for polar body extrusion in mouse oocytes. Our study also showed similar results, which indicates that CDC42 plays conserved roles among mammalian species.
In conclusion, our study illustrates that CDC42 participates in actin-based porcine oocyte maturation via interaction with N-WASP, ROCK, and cofilin. decrease and that the relative intensity in treated oocytes is significantly lower than that in control oocytes (P < 0.05). These experiments were repeated at least three times using different samples.
